We studied the mechanisms by which excess copper exerts, and zinc mitigates, toxic effects on HepG2 cells. Survival and cell growth were reduced in media containing > 500 MM cop-
Introduction
The mammalian liver is the primary target of toxicity in hereditary disorders of copper toxicosis: accumulation of copper in excess of metabolic requirements causes fatal hepatocellular injury (1) . However, the mechanisms by which excess copper results in cellular toxicity have not been well defined despite in vitro studies that demonstrate alterations in membranes, proteins, and several hepatocellular enzymes and reduced stability of DNA (2) ; the demonstration in patients with Wilson's disease-hereditary copper toxicosis transmitted by a pair of abnormal autosomal recessive genes-and in mutant mice (3) and Bedlington terriers (4) of biochemical and pathologic abnormalities and ultrastructural changes in mitochondria, peroxisomes, endoplasmic reticulum, or lysosomes (1, 2); and our ability to treat some of these disorders effectively (2) .
The mechanism by which various medications reverse copper toxicity in human beings (2, (5) (6) (7) has not been clearly defined. Zinc, an alternative agent being tested for the treatment of Wilson's disease (6, 7) , is thought to act through inhibition of intestinal copper absorption. This action has been related in animal models to the induction of intestinal metallothionein (8) .
In this study, using the human hepatoblastoma cell line, HepG2, which maintains a number of differentiated physiologic functions (9), we have investigated mechanisms of copper toxicity, and present evidence for hepatocellular protection taining 1 X 106 HepG2 cells. To investigate the effect of copper on cells in the exponential phase ofgrowth, -1 X I05 cells were seeded in MEM+ with concentrations of copper chloride up to 1000 AM (Fig. 1) . The effect of copper on viability of confluent cells was determined by incubating cells in MEM+ containing copper chloride (500-1,500 ,M) for 48 h (Fig. 2, 0) . To determine the effect of zinc, the same experiment was performed after 2 h preincubation and the cells in MEM+ containing 200 MAM zinc acetate.
To estimate the duration of protection afforded by 2 h, preincubation in MEM+ containing 200 MM zinc acetate, cells were then incubated in MEM+ for up to 40 h before exposure to media containing 1,000 IMM copper chloride (Fig. 3) .
In both preceding experiments, the number of viable cells, those excluding trypan blue (10) , was counted for and plotted as means±SD of duplicates in Fig. 2 or triplicates in Fig. 3 .
Protein synthesis. Cells grown to confluence were washed with phosphate-buffered saline (PBS), pH 7.4, and incubated at 370C in MEM+ containing 1,000 MM copper chloride for varying intervals up to 60 min. Some preparations were preincubated in MEM+ containing 200 uM zinc acetate for 2 h, or containing 2 Mg/ml cycloheximide for 1 h, before exposure to MEM+ or copper media. After two washes with PBS, the cells were placed in 0.5 ml of methionine-free MEM containing 100 MACi/ml [35S]methionine for 10 min, washed with icecold MEM followed by PBS, harvested by scraping, and suspended in I ml of PBS. Aliquots were obtained for determinations of acid-insoluble radioactivity, representing newly synthesized protein, by precipitation with an equal volume of 20% trichloroacetic acid (TCA) and adsorption onto glass fiber filters; for total protein determination, by the method of Lowry et al. (I 1); and for analysis by sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE). Cell lysates were prepared for electrophoretic analysis by centrifugation of the cell suspension in an Eppendorf centrifuge (Brinkmann Instruments Co., Westbury, NY) for 3 min, and dissolution of the cell pellet into SDS-PAGE sample buffer containing 1% SDS, 0.1 M dithiothreitol (DTT), 10% glycerol, 0.05 M Tris chloride, pH 6.7, and phenol red. Equal amounts of protein from cell lysates were applied to each lane. After electrophoresis, the gel was fixed for 1 h in a solution of 10% acetic acid, 40% methanol, soaked in 3 vol of Enhance (New England Nuclear, Boston, MA) for 45 min, followed by water for 30 min, dried under vacuum, and exposed to SB-5 x-ray film (Eastman Kodak Co., Rochester, NY) at -700C.
Immunoprecipitation of albumin was performed in controls and in cells treated with 1,000 AM copper chloride and labeled in methionine-free MEM, containing both 10% FBS which was dialyzed to re-Cu (ILM) Hours After Zinc Preincubation Figure 3 . Duration of the effect of zinc on cellular survival of cells exposed to copper for 48 h. HepG2 cells were preincubated with media containing zinc acetate (200 MM) for 2 h, returned to normal growth media for periods of up to 40 h, and incubated for 48 h with copper chloride (1,000 MM). Only 25% of cells exposed to 1,000 AM copper alone survive for 48 h (see Fig. 2 ).
taining equal amounts of protein were applied to each lane and resolved by electrophoresis on a 10-20% gradient SDS-PAGE before autoradiography.
Metallothionein was detected immunologically by Western blot technique (13) using an antibody raised in sheep against rat metallothionein (kindly provided by Dr. I. Bremner, Aberdeen, Scotland), which we have tested for cross-reactivity to human metallothionein. Samples were prepared for electrophoresis by lysis in 1% SDS, followed by reduction and alkylation as described above. After electrophoresis, the proteins were transferred to nitrocellulose soaked in a buffer containing 48 mM Tris, 39 mM glycine, 0.04% SDS, and 20% methanol, using a Novablot apparatus (LKB Instruments, Inc., Gaithersburg, MD). Blocking of the nitrocellulose was done using a 2% solution of nonfat dry milk, and bound antibody was detected using '25I-protein A followed by exposure to XAR-5 film (Eastman Kodak Co.) at 70'C.
To filtration of the l00,000-g supernatants of radiolabeled control and zinc-pretreated cells prepared as described above. Aliquots of these pooled fractions and a reduced glutathione standard were spotted onto a silica gel thin-layer plate and resolved in n-butanol-acetic acid-pyridine-water (15:3:10:12). After 5 h the plate was dried and reacted with ninhydrin, and positive regions were noted. The plate was then placed in a paper casette with XAR film and exposed at -70'C for 1 wk. Cellular A TP. Levels ofcellular ATP were determined by a modification (15) of the method of Lamprecht and Trautschold. HepG2 cells were grown to confluence in 25-cm2 culture flasks and incubated with MEM+ alone, or treated with MEM+ containing 1,000 AM copper chloride for 1 h. After treatment, the cells were washed with PBS and harvested by scraping into ice-cold 3% perchloric acid. The suspension was centrifuged at 10,000 rpm for 3 min, and the amount of ATP in the supernatant was determined for triplicate samples from duplicate experiments. The amount of acid-precipitable protein was determined for each sample by the method of Lowry et al. (1 1).
RNA synthesis. For the measurement of total RNA synthesis, confluent HepG2 cells were incubated in MEM+ containing 100 MCi/ml of [3H]deoxyuridine, and with the same media containing either 1,000 AM copper chloride or 200 AM zinc acetate for 1 h. The cells were washed with iced PBS, harvested by scraping, and suspended in PBS. Protein and radioactivity in TCA precipitates were determined in aliquots of the suspension.
Total RNA was extracted from cells grown to confluence in MEM+, and these cells incubated in MEM+ containing 1,000 'M copper chloride for 1 h; or in MEM+ containing 200 AM zinc acetate for 2 h by homogenization of the cells in guanidine thiocyanate, and centrifugation through a cesium chloride gradient using a modification of the Chirgwin procedure (16, 17) . Albumin and metallothionein mRNA levels were determined by means of Northern blot hybridization. Equal amounts of total RNA (10 Mg) were denatured in 0.5 M glyoxyl, 50% dimethyl sulfoxide, and 10 mM phosphate buffer, subjected to electrophoresis in a 1% agarose gel, transferred to a GeneScreen filter (New England Nuclear), and baked under vacuum for 2 h at 80'C. After prehybridization, the filters were hybridized with a human albumin cDNA probe HSAF-47 (kindly provided by Dr. R. Lawn, Genentech, Inc., South San Francisco, CA) (18) or with a metallothionein cDNA probe for MT IIA, (kindly provided by Dr. Dean Hamer, National Cancer Institute, Bethesda, MD) (19), labeled with
[32P]dCTP to a specific activity of 2-5 X 108 cpm/Mg DNA using a primer extension kit (International Biotechnologies, Inc., New Haven, CT). After hybridization the filters were washed under stringent conditions and exposed to XAR-5 film at -700C.
Copper uptake and metabolism. To measure the effect of zinc on copper uptake, confluent cells grown in 96-well tissue culture plates (Flow Laboratories, Inc., McLean, VA) were preincubated in MEM+ containing 0-500AM zinc acetate, and then washed before incubation in MEM with carrier-free 67Cu (Los Alamos National Laboratory) (20) or the same concentrations of zinc acetate in MEM at the time of copper uptake. At 30 or 60 min, the incubation medium was aspirated and the cells were washed with 50 nM sodium phosphate, 0.15 M NaCl, pH 7.2, with 2 mM EDTA at 40C before lysis with 1.0 ml of 1 N NaOH and measurements of radioactivity and total protein.
To determine the copper profiles of I00,000-g supernatants of HepG2 with and without zinc pretreatment, supernatants containing equal amounts of protein, identically prepared as described above for [35S]cysteine labeling, were fractionated by HPLC gel filtration. Addition of 50 AM copper to the incubation media of zinc-pretreated and control cells facilitated the measurement ofcopper by graphite furnace atomic absorption spectroscopy (21) . These experiments were performed using copper-free glassware and polypropylene plastic tubes, and all solutions were made with double distilled and deionized water.
Cell ultrastructure. 
Results
Growth and survival. The number of viable HepG2 cells initially seeded at 1 X 10 cells per dish) in media containing increasing concentrations of copper, was little different from controls at day 1 for all copper concentrations between 83 and 500 uM (Fig. 1) . The numbers of viable cells continued to increase at a rate slightly less than controls from days 2-5 or cells maintained in media containing up to 83 MM copper, whereas higher concentrations of copper inhibited cell growth and increased cell death over time. Confluent HepG2 cells incubated in media containing increasing concentrations of copper exhibited a dose-dependent reduction in cellular survival with an LD50 of 750 ,gM (Fig. 2) .
Preincubation of confluent HepG2 cells for 2 h in growth media containing 200 ,M zinc acetate before exposure to copper increased the LD50 to 1,250 MM, and enhanced cellular survival for all copper concentrations tested. Zinc alone did not affect the number of viable cells. This effect extended to -30 h beyond the period of initial zinc treatment (Fig. 3) .
Protein synthesis. The incorporation of [35S]methionine by
HepG2 into TCA-precipitable radioactivity was determined in cells incubated in 1,000 MM copper chloride for intervals up to 60 min (Fig. 4 ). An initial rapid reduction ofthe rate ofsynthesis appears to be followed by an interval during which incorporation of [35S]methionine levels offfor several minutes before a progressive decrease in protein synthesis occurs. Incubation for 2 h in 200 uM zinc did not affect the rate of protein synthesis.
A generalized reduction in protein synthesis was observed at 1 h for cells exposed to 1,000 MM copper chloride when newly synthesized proteins were examined using SDS-PAGE and autoradiography (Fig. 5) tially from that of controls, although the intensities of certain bands varied in the first three preparations (Fig. 5, a-c) . Pretreatment with zinc before incorporation of [35S]cysteine resulted in increased synthesis of a l0-kD protein (Fig. 6) , which was identified as metallothionein by Western blot (Fig.  7 ). The steady-state level of metallothionein increased over time for up to 48 h, however, biosynthesis of this protein, as shown by [35S]cysteine incorporation into metallothionein (Fig. 7) , was increased 2 h after zinc pretreatment and returned to basal levels by 48 h.
The profile of radioactivity of the fractions obtained by HPLC gel filtration of the 100,000-g supernatant after exposure to [35S]cysteine of zinc-pretreated cells suggests an increased incorporation of cysteine into low-molecular-mass fractions (Fig. 8 a) . The first peak, at fractions 22-23, represents retention times corresponding to purified metallothionein, consistent with the data obtained by SDS-PAGE.
Glutathione levels and synthesis. HPLC gel filtration of cytosol from [35S]cysteine-labeled, zinc-treated HepG2 yielded two low-molecular-mass peaks with a high content of 35S. Fractions 22-23 corresponded to the retention time of metallothionein (Fig. 8 a) . The second peak, fractions 26-28, was subjected to thin-layer chromatography and resolved with the same Rf as that of reduced glutathione (data not shown).
Despite an apparent increased synthesis of glutathione during the early phase after zinc treatment (Fig. 8 a) were 32±1.2 and 36.0±2.0 nmol/mg protein, respectively, similar to those reported for isolated hepatocytes ( 15 (Fig. 9 A) , in line with the generalized reduction of cell protein synthesis (Fig. 5) . However, there was no demonstrable change in albumin mRNA levels from identically treated cells (Fig. 9 B) .
Zinc treatment resulted in the induction of metallothionein mRNA (Fig. 6 B) , consistent with this effect on the cellular synthesis and steady-state level of this protein (Fig. 7) .
Copper uptake and incorporation. The amount of cell-associated copper after a 30-or 60-min incubation in MEM containing 67Cu was essentially unaltered by the coincubation of cells with 200 MM zinc acetate (Table I) . Incubation of the cells with 500 MM zinc acetate for 60 min resulted in a slight decrease in total cell-associated copper compared with controls, however, there were no detectable differences at 30 min. Preincubation with media containing 0-500 MM zinc acetate did not alter total cell-associated copper (data not shown).
Zinc pretreatment increased the amount of copper present in the low-molecular-mass fractions obtained by HPLC gel filtration (Fig. 8, b and teine after zinc pretreatment appears to present glutathione (see above).
Cell ultrastructure. HepG2 cells exposed for h to 1,000
MM copper chloride showed no abnormal ultrastructural changes (Fig. 10) . After 3 h of exposure, the cells appeared pleomorphic, demonstrating a loss ofintercellular attachments with widening of intercellular spaces, resulting in cell separation ( Fig. 1 1) . There was also disruption of the endoplasmic reticulum and vacuolization of the cytoplasm. At high magnifications, dense bodies that had the appearance of lysosomal granules, became visible in the cytoplasm. Mitochondria appeared unaltered. After a 12-h exposure to 500 AM copper chloride (Fig. 12) , profound disruption of the endoplasmic reticulum, condensation and vacuolization of the mitochondrial matrix, nuclear changes, and marked cellular pleomorphism were seen. Many cells were in various stages of degeneration.
Discussion
Acute copper toxicity causes inhibition of growth, shortened survival, the appearance of ultrastructural abnormalities, and inhibition of protein synthesis in HepG2 cells. The early occurrence of marked inhibition of protein synthesis, before evidence of ultrastructural changes, may be one of the primary toxic actions of copper, resulting in disruption of cell metabolism and ultimately leading to cell death. After cellular exposure to 1,000 MAM copper for 1 h, the rate of protein synthesis is reduced by > 80%. This reduction is generalized, affecting most cellular proteins (Fig. 5) diated by an effect on the cellular translational machinery since cellular ATP remains unaltered, whereas total RNA synthesis is increased and the level of albumin-mRNA does not change (Fig. 9 B) . Prior studies have demonstrated that elevated tissue copper levels are associated with disruption of polysomes in rabbit liver and endometrial tissues (22) , and that copper may have an indirect action upon the state of phosphorylation of some of the translation factors (23) . The mechanisms which affect the translational machinery in HepG2 are as yet undetermined. Exposure of HepG2 cells to zinc, before incubation with copper, increased the LDm from 750 to 1,250 MM copper (Fig.   2 ), a protective effect that lasted for at least 30 h (Fig. 3) . Zinc pretreatment also prevented the occurrence of reduced protein synthesis in cells exposed for 1 h to MEM with 1,000 uM copper chloride. That this reduction in copper toxicity after zinc exposure was simply the consequence of an inhibition of copper uptake from the media was excluded ( 7) and by the finding of an increased steady-state metallothionein mRNA level (Fig. 6) . Metallothionein has the capacity to bind up to 12 g atoms of copper per mole, and its protective role against the toxicity of copper and other heavy metals has been demonstrated in numerous studies (24) . Levels of metallothionein have also been shown to be elevated in certain cell lines that have been selected for resistance to copper and other heavy metals (20, 25) . Binding of copper by the zinc induced metallothionein is indicated by the elution profiles on HPLC gel filtration of copper and radiolabeled cysteine in metallothionein-containing fractions (Fig. 8 ).
We found a second lower-molecular-mass peak induced by zinc pretreatment containing copper and cysteine (Fig. 8 a) . This fraction contained glutathione, as determined by thinlayer chromatography. There is evidence that glutathione may play a protective role against heavy metal toxicity (26). Moreover, increased levels of both cellular glutathione and metallothionein were found in a copper-resistant cell line (27) . However, although we observed induction of glutathione synthesis after zinc pretreatment, steady-state levels of cellular glutathione were essentially unchanged from controls. Therefore, it is unlikely that glutathione could account for the observed protective effects of zinc.
We have found that the time course of zinc protection against copper toxicity correlates better with the biosynthesis of metallothionein than the steady-state level of this protein (Fig. 7) . We postulate that this may reflect a requirement for protein synthesis for the incorporation of copper into this protein, consistent with earlier findings from this laboratory of reduced copper incorporation into the low-molecular-mass protein fraction of HepG2 after treatment with cycloheximide (20) .
After the formation of the copper-metallothionein complex, its transfer to and subsequent sequestration by lysosomes may contribute to the protection of HepG2 cells against copper toxicity. These electron-dense bodies (Fig. 1 1) , possess the ultrastructural characteristics of lysosomes (28) . They are very similar to the electron-dense, metallothionein-containing lyAttenuation ofCopper Toxicity by Zinc 1567 sosomes present in the hepatocytes of Bedlington terriers with inherited copper toxicosis (12, 29) , and patients with advanced Wilson's disease (1, 2, 30, 31) or primary biliary cirrhosis (32, 33) .
Mitochondrial abnormalities have been reported in hepatocytes in early stages of Wilson's disease (1, 2), however, no such ultrastructural changes were seen in the HepG2, and cellular energy in the form of ATP is unchanged.
Zinc treatment has been under investigation as an alternative therapy for Wilson's disease (6, 7) . Its demonstrated ability to induce metallothionein in the enterocyte is the basis for its proposed action, resulting in the sequestration and consequent reduction of the absorption of copper from the gut (8) . The evidence presented by our study demonstrates that zinc may have a direct action upon hepatocytes, thus contributing to the mitigation of copper toxicity.
